The bacterial flagellar motor is an amazing nanomachine: built from approximately 25 different proteins, it uses an electrochemical ion gradient to drive rotation at speeds of up to 300 Hz (refs 1, 2). The flagellar motor consists of a fixed, membrane-embedded, torque-generating stator and a typically bidirectional, spinning rotor that changes direction in response to chemotactic signals. Most structural analyses so far have targeted the purified rotor 3, 4 , and hence little is known about the stator and its interactions. Here we show, using electron cryotomography of whole cells, the in situ structure of the complete flagellar motor from the spirochaete Treponema primitia at 7 nm resolution. Twenty individual motor particles were computationally extracted from the reconstructions, aligned and then averaged. The stator assembly, revealed for the first time, possessed 16-fold symmetry and was connected directly to the rotor, C ring and a novel P-ring-like structure. The unusually large size of the motor suggested mechanisms for increasing torque and supported models wherein critical interactions occur atop the C ring, where our data suggest that both the carboxy-terminal and middle domains of FliG are found.
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The bacterial flagellar motor excites considerable interest because of the ordered expression of its genes, its regulated self-assembly, the complex interactions of its many proteins, and its startling mechanical abilities. Stator proteins MotA and MotB form a ring of 'studs' within and above the inner membrane that couple the passage of protons across the membrane to the generation of torque 1, 2 . Above the membrane, MotB has a peptidoglycan-binding domain that presumably holds the stator in place by binding to the globally cross-linked peptidoglycan layer 1, 2 . Below the membrane, the cytoplasmic loops of MotA are believed to spin a wheel of FliG molecules, which-like radial spokes-extend roughly parallel to the membrane from the rotor in the middle to just below MotA on the periphery 1 . Proteinaceous P and L rings serve as bearings to facilitate the rotation of the rod within the peptidoglycan and outer membranes, respectively 1, 2 . Inside the cell and below FliG lies the C ring, which regulates the direction of rotation in response to the chemotactic system 1,2 . Flagellar basal bodies containing the rotor, rod and sometimes the C ring have been purified and reconstructed by electron-cryomicroscopy-based single-particle analysis 3, 5, 6 . The Salmonella rotor possessed 26-fold symmetry 7 , whereas the Salmonella C ring possessed a mean symmetry of 34 (ref. 8) . Because the stators do not co-purify with the rotor, however, little is known about their structure and interactions with the rest of the motor. Patterns of stator studs have been seen in two-dimensional, freeze-etch images, but the interpretation of these images is difficult and the number of studs has been reported as either 12 or 16, depending on the species [9] [10] [11] [12] . Two-dimensional electron cryomicroscopy images of purified PomA-PomB complexes (homologues of MotA and MotB) from Vibrio alginolyticus have revealed a ,70-Å -long, thin extension above the membrane 13 .
Here we report the complete structure of the flagellar motor, including the stators, obtained by electron cryotomography. Fifteen Treponema primitia cells frozen within thin layers of vitreous ice were imaged ( Fig. 1a and Methods). T. primitia was chosen for its narrow diameter and interesting periplasmic flagella that emerge from each pole. Twenty motor particles were computationally extracted from the reconstructions, mutually aligned and averaged (Fig. 1b-e) . In both the individual maps ( Fig. 1d ) and their average (Fig. 1e) , the stator studs were clearly 16-fold symmetric around the rod. We checked for symmetry computationally in the other components, including the P collar (the density above the stator, as explained below), the rotor, the connections between the stators and C ring, and the C ring itself ( Supplementary Fig. 1a of the limited resolution, only the symmetry of the stators and their connections to the C ring was apparent. This symmetry was therefore imposed on the entire motor, effectively smoothing the other components ( Supplementary Fig. 1c, d ).
For the first time, the three-dimensional structure of the stators was revealed in their natural position in contact with the membrane and other motor components ( Fig. 2 and Supplementary Movie). The 16 stator studs (two of which are identified by asterisks in Fig. 2c ) were 8 nm wide, which is similar to the reported values of 5-7 nm seen by other means 9, 10, 12 . Surprisingly, the volume of each stud above the membrane was ,20-times larger than that expected for two MotB peptidoglycan-binding domains and much thicker than PomA-PomB resuspended in liposomes 13 . The identity of the rest of the stator density is unclear. The studs were spaced 7 nm apart, which is sufficient to accommodate hypothetical models for the 18 transmembrane helices in a (MotA) 4 (MotB) 2 torque-generating unit 14 . The average stud was not vertical-instead, it leaned (dotted line in Fig. 2a ) such that its distal end was positioned clockwise relative to the proximal end as viewed from inside the cell. There were thin, bridging densities connecting the stud heads around the ring (arrowhead in Fig. 2c) .
Four bridging densities (numbered 1-4 in Fig. 2b ) were seen connecting the stator ("S" in Fig. 2b ) to other components of the motor (see Supplementary Fig. 2 for contour, variance and statistical significance maps). Bridging density 1 connected the stator to the C ring ("C" in Fig. 2b ). It is thought that a series of charged residues in a cytoplasmic loop of MotA interacts here with complementary charges in the C-terminal domain of FliG 1 . The stator-C-ring connections were also rotated with respect to the periplasmic studs, suggesting that they might perhaps be the terminus of a ,24-nm-long, straight component that extended from the peptidoglycan layer all the way through the membrane to the C ring (again, dotted line in Fig. 2a ). Bridging densities 2 and 3 were finger-like extensions connecting the stator directly to the rotor.
Bridging density 4 linked the stator to a contrast-rich ring of density ("P" in Fig. 2b ) encircling the rod above the rotor, reminiscent of the P-and L-ring bushings in Salmonella and Escherichia coli. Sequenced Treponema flagellar proteins are similar to the betterknown Salmonella and E. coli versions (see Supplementary Figs 3-5) , except that the genes for the P-and L-ring proteins FlgI and FlgH are missing 15 . The absence of an L ring is understandable because the periplasmic flagella of Treponema never exit the outer membrane, and, not surprisingly, isolated Treponema basal bodies lack any ring structures 16 . In our in situ reconstructions, however, an additional ring was seen just above the stators at the level of the peptidoglycan layer, but ,8 nm away (surface to surface) from the rod itself. We therefore refer to it as the 'P collar' to reflect its position and loose fit around the rod, though the gene responsible for this density is unknown. This structure may serve to limit the tilt of the flagellar hook and may also further stabilize the stators.
The rotor itself ("R" in Fig. 2b ) was bowl-shaped. Unlike previous work on the isolated basal body, in which the membrane location was not certain 3, 7 , here the bulk of the rotor was seen to lie just beneath the inner membrane ("IM" in Fig. 2b ) submerged within the C ring. At the bottom of the rotor, there was a small ring (arrow in Fig. 2d ) that formed a funnel-like pore, which may perhaps be the insertion apparatus through which flagellin monomers are exported. Another contrast-rich density with low variance (see Supplementary Fig. 2 ) was visible 4 nm below the pore and, because of its proximity, has been labelled an export bundle ("E" in Fig. 2b ).
In comparison with isolated Salmonella basal bodies, which have been reconstructed to higher resolution by single-particle analysis 3, 5 , the Treponema stator ring, C ring and rotor are all much larger (Fig. 3) . The rotor is also located lower within the C ring and appears bowlshaped rather than disk-like. Notably, by stereo photogrammetry the Salmonella rotor also appeared bowl-shaped in situ 17 , so the shape may depend on conditions lost during purification. The Caulobacter rotor has also appeared bowl-shaped in some reconstructions 6 . Other structural details are remarkably conserved, such as the small gap between rotor and rod (arrows in Fig. 3c, d ).
These differences have important implications for current models of the functional and architectural relationships of the components. Whereas the Salmonella motor spins just the flagellum, because Treponema flagella are periplasmic, it is thought that they cause the whole cell to gyrate 18 . Thus, each rotation may be much slower and require greater torque. The unusually large stud ring, C ring and rotor in Treponema may serve to increase torque by increasing the length of the effective lever arm through which each stator stud acts. These larger rings may also accommodate more stator studs and FliG molecules around the ring, in effect 'gearing down' the Treponema motor so that the passage of each proton across the membrane produces a smaller angular rotation.
FliG is thought to have three domains: a C-terminal domain directly underneath the stator that forms the top of the C ring, a middle domain whose location is uncertain, and an amino-terminal region bound to the rotor 1, 2, 4, 19, 20 . In our reconstructions, the stator-C-ring connection appears on the outside edge of the C ring, and the distance between the C ring and the rotor is too large to be spanned by the 2-nm-long a-helix connecting the C-terminal and middle domains of FliG (see Supplementary Information and starred gap in Fig. 3 ). The simplest interpretation of these results is that the C-terminal domain forms the outside edge of the C ring, both the C-terminal and middle domains of FliG lie atop the C ring, and a portion of the N terminus acts as an extended tether spanning the gap to the rotor, as argued elsewhere 19, 20 . It is interesting to note that although the diameters of the stud and C rings in Treponema are unusually large, nevertheless they still match each other, so that the studs appear directly above the C ring. The available data suggest that the same relationship holds in other, smaller motors as well 3, 11 , supporting the idea that this juxtaposition is important and that key functional interactions do indeed occur at this interface.
METHODS
Additional details of the methods used in this study can be found in Supplementary Information.
Exponential phase cultures of T. primitia strain ZAS-2 (ref. 21) were plungefrozen with gold fiducial markers across electron microscope grids in liquid ethane. T. primitia is an obligate anaerobe but can tolerate atmospheric conditions for about 20 min, so grids were frozen quickly in small batches. Single-axis tilt series were acquired automatically on a 300-keV FEI Polara field emission gun transmission electron microscope. The 20 averaged motors were taken from tilt series with underfocuses between 10 and 18 mm (first contrast transfer function (CTF) zero between 4.5 and 6.0 nm resolution). Tomograms were low-pass filtered at the resolution of the first CTF zero and binned once (1.96 nm pixel 21 ) . No other CTF corrections were performed.
Twenty motor particles were computationally extracted from the tomograms and aligned to an arbitrarily chosen reference particle. The aligned motors were then averaged and rotated so that the rod axis corresponded to the z-axis. To detect the symmetry of the components, annular masks were generated for the five different motor regions (shown in Supplementary Fig. 1b) , and then applied separately to all twenty individual particles. The only detectable symmetry in the rotational power spectrum (16-fold) was found in the two stator regions (periplasmic and cytoplasmic), so this was applied to the entire averaged motor. This initial symmetrized average was used as a reference for a further alignment, and the process was iterated a total of five times. To test potential reference bias, two alternative particles were used as a reference, and the resulting average was essentially identical. A resolution of 7 nm was estimated by separately averaging and symmetrizing two halves of the data set and correlating them using Fourier shell correlation with a threshold of 0.5. The isosurface was contoured at a level that showed the connections between stator and C ring.
